Malonyl coenzyme A (malonyl-CoA) is an important precursor for the synthesis 20 of natural products, such as polyketides and flavonoids. The majority of this cofactor 21 is often consumed for producing fatty acids and phospholipids, leaving only a small 22 amount of cellular malonyl-CoA available for producing the target compound. Tuning 23 of malonyl-CoA into heterologous pathways yields significant phenotypic effects, 24 such as growth retardation and even cell death. In this study, fine-tuning of the fatty 25 acid pathway in Escherichia coli with antisense RNA (asRNA) to balance the 26 demands on malonyl-CoA for target-product synthesis and cell health was proposed. 27
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To establish an efficient asRNA system, the relationship between sequence and 28 function for asRNA was explored. It was demonstrated that the gene-silencing effect 29 of asRNA could be tuned by directing asRNA to different positions in the 5'-UTR 30 (untranslated region) of the target gene. Based on this principle, the activity of asRNA 31 was quantitatively tailored to balance the need for malonyl-CoA in cell growth and 32 8 was digested with PfoI/BamHI and inserted into the corresponding site of the 144 pRSFDuet-1(Mut) to construct pRSF-PTasRNA (Fig. 2B) . 145
To express the anti-fabB asRNA sequence (base pairs N-M; N = -158, -128, -98, 146 -68, -38, and 0; and M = 847, 747, 647, 547, 447, 347, 247, and 147) complementary 147 to the 5'-UTR (N bp) and the fabB gene sequence (M bp), the primer pair 148 Pf_fabB(N)/Pr_fabB(M) was used to amplify the asRNA sequence from genomic 149
DNA of E. coli BL21 (DE3). This amplicon was then cloned into the NcoI-XhoI sites 150
of the pRSF-PTasRNA to construct pRSF-PTasRNA(N, M). The primer pair 151 Pf_fabB(0)/Pr_fabB(147) was used to amplify asRNA sequence from genomic DNA 152 of E. coli BL21 (DE3) into pRSF-asRNA, pCDF-asRNA, and pRSF-PTasRNA, 153 resulted in pRSF-asRNA(147), pCDF-asRNA(147), and pRSF-PTasRNA(147). 154
155

Construction of anti-fabF asRNA expressing plasmids 156
To express the anti-fabF asRNA sequence (base pairs P-Q; P = -87, -57, -27, and 157 0; and Q = 813, 713, 613, 513, 413, 313, 213, and 113) complementary to the 5'-UTR 158 (P bp) and the fabF gene coding region (Q bp), primer pair Pf_fabF(P)/Pr_fabF(Q) 159 were used to amplify the asRNA sequence from genomic DNA of E. coli BL21 (DE3), 160 which was then cloned into the NcoI-XhoI site of the pRSF-PTasRNA to construct 161 pRSF-PTasRNA(P, Q). The primer pair Pf_PTasRNA(BamHI)/Pr_PTasRNA(AvrII) was used to amplify 166 the fabB asRNA sequence (N to 147 bp) from pRSF-PTasRNA(N, 147) , which was 167 then digested and inserted into the BamHI-AvrII site of pRSF-PTasRNA(P, 113) to 168 construct plasmid pRSF-PTasRNAs(P, N; P=-27, -57, -87; N=-38, -68, -98, -128, and 169 -158). 170
171
Heterologous pathway construction and assembly 172
The primer pair Pf_Trc(FseI)/Pr_Trc(EcoNI) was used to clone a sequence 173 containing the Trc promoter, multi-cloning sites and the rrnB terminator from 174 pTrcHis2B (2) into the EcoNI/FseI site in pCDFDuet-1 to construct pCDFD-Trc. 175
Codon-usage-optimized TAL from Rhodotorula glutinis (GenBank ID: 176 KF765779) (2, 19) was amplified from pUC57-TAL (20) with the primer pair 177 Pf_TAL(NcoI)/Pr_TAL(EcoRI) and then digested and inserted into the NcoI/EcoRI 178 sites of pCDFD-Trc to construct pCDF-Trc-TAL. Codon-usage-optimized 4CL from 179
Petroselinum crispum (GenBank ID: KF765780) (8) was amplified from pUC57-4CL 180 an Agilent Zorbax Extend-C18 column (4.6 mm × 150 mm, 5 µm) and an electrospray 236 ionization (ESI) source (18) (Fig. S2) . Malonyl-CoA from cell culture was extracted 237 and analyzed with a LCMS-IT-TOF equipped with a reverse-phase Gemini NX-C18 238 column (5 × 110 mm) and an electrospray ionization (ESI) source (6). 239
For quantification of free fatty acids, cells were harvested and prepared with a 240 previously described protocol (23). The fatty acid content of each sample was 241 quantified using a GCMS-QP2010 Plus (Shimadzu) equipped with a Rtx-5 MS 242 capillary column for analysis, as described previously (24 
Results
256
Construction of initial asRNA expression system 257
To evaluate the silencing effect of standard asRNA designs, fabB was used as an 258 example. Growth patterns ( Fig. 2A ) and transcription levels of fabB (Fig. 2C) were 259 measured in a culture of E. coli BL21 (DE3) transformed with the recombinant 260 plasmids pCDF-asRNA(147), pRSF-asRNA(147) and pRSF-PTasRNA(147) and in a 261 control strain culture. Strains with pRSF-PTasRNA(147) (Fig. 2B) showed improved 262 inhibition efficiency relative to pRSF-asRNA(147) and pCDF-asRNA(147). This may 263 have been caused by a higher plasmid copy number and the addition of 264 paired-terminus antisense RNA (Fig. 2D) . Therefore, the PTasRNA expression vector asRNA-regulated strains decreased following the same trend as we described above. 319
For strain fabF-R28+fabB-R28, the lowest transcriptional level of both fabF (18% of 320 original level) and fabB (12% of original level) were observed (Fig. 5 ). This 321 demonstrated that coexpression of two asRNA could knocked down both fabB and 322
fabF. 323 324
The effect of an asRNA system on the intracellular malonyl-CoA content 325
To examine whether an asRNA system has the potential to enhance the synthesis 326 of malonyl-CoA, the antisense sequences of fabB and fabF were cloned into 327 pRSFDuet-1(Mut) to simultaneously silence fabB and fabF. The final OD 600 (Fig. 6 ). While the 331 silencing effect toward fabF was constant, malony-CoA accumulated with increased 332 silencing of fabB and a maximum accumulation was observed when the binding 333 region within the fabB 5'-UTR was set to -128 bp (0.88 nmol/mg DCW). 334
Similarly, while the silencing of fabB was constant, malonyl-CoA accumulated 335 with increased silencing of fabF and a maximum accumulation was observed when 336 the binding region of the fabF 5'-UTR was set to -57 bp (0.88 nmol/mg DCW) (Fig.  337   6 ). This recombinant strain exhibited an 8.8-fold increase in the levels of intracellular 338 malonyl-CoA compared to the wild type strain (0.09 nmol/mg DCW). Furthermore, 339 the asRNA system (fabF-R28+fabB-R28), which increased the malonyl-CoA 340 concentration by 8.8-fold, decreased final OD 600 by 28% (Fig. 6) . by 28% (Fig. 6) . The presented strategy could be employed for the efficient 378 production of many useful compounds that require malonyl-CoA as a precursor, such 379 as the flavanones (2, 18), resveratrol (29) and polyketides (6). 380
In E. coli, malonyl-CoA is only consumed for synthesizing fatty acids (6, 7). Thus are enough for down-regulation of asRNA, whereas longer targeted sequences of the 403 gene coding region result in a slight decrease of silencing efficiency (Fig. 3) . It is 404 believed that, by understanding these principles, researchers have the potential to 405 rationally design highly active artificial asRNA. 406
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